Introduction
Amorphous carbon films are commonly used as protective overcoats in magnetic hard disks ͓1-3͔. The properties of these overcoats include high wear resistance, high hardness, low friction coefficients, and high corrosion resistance ͓1,4 -16͔. Each of these properties is crucial for proper protection of the magnetic hard disk. The need to provide adequate protection of the hard disk by keeping the head and disk separated is in conflict with the need to increase storage capacities by decreasing the spacing between the head and the recording material. Because of the strict requirement for small spacing, carbon overcoat thicknesses as low as 5 nanometers are currently being used.
A variety of techniques have been used to study the microstructure and mechanical and tribological properties of nanometer thick films ͓1,4 -25͔. The results from the various techniques are dependent upon the underlying substrates, the atmospheric conditions, and the structure and chemistry of the films ͓3,4,7,8͔. Specifically, friction is often determined by an interfacial ͑tribochemical͒ transfer film which may form during solid-solid sliding, and not by the bulk properties of the materials that constitute the surfaces or films ͓7,18͔. The measured friction force is related to the interfilm sliding between the transfer film and the original surface. Often, the transfer film is chemically distinct from the parent film ͓18͔.
Three forms of carbon-graphite, diamond, and diamond-like carbon ͑amorphous carbon, a-C͒-are currently being studied for low friction surfaces ͓1, 4 -16,18,22-25͔ . Each form of carbon shows dramatically different chemical and friction properties under various environmental conditions ͓8,11,14 -16,18,21,22,24 -28͔ . For example, an increase in dangling bonds may occur on diamond surfaces in vacuum, thereby increasing the friction force ͓15͔. Also, the form of the carbon may change with sliding. An increase in the graphite content of the carbon has been proposed to occur with sliding ͓24,26͔.
Besides the chemistry and form of the carbon, atmospheric conditions may dictate the behavior of the material. Surface reactions such as oxidation may occur, and the rate of the reaction is greatly increased during rubbing ͓15,18,22,26͔. Besides oxidative effects, humidity plays an important role ͓13,14,16,18,19,21,22,27,28͔. For self-mating materials, i.e., where carbon is slid against carbon, some researchers have shown the friction force to increase with humidity whereas other researchers have shown a decrease with humidity ͓16,18͔. When steel or Si 3 N 4 is slid against amorphous carbon, the friction coefficient generally increases as the humidity increases ͓14,22,25͔, although some studies find little change ͓27͔. Hydrogen-free amorphous carbon is less susceptible to humidity than hydrogenated amorphous carbon ͓8͔. As opposed to amorphous carbon, the friction force generally decreases with humidity for graphite and diamond materials ͓18͔.
The aim of this work is to investigate the tribological properties of two amorphous carbon films slid laterally against each other as a function of humidity using the Surface Forces Apparatus ͑SFA͒ ͓19,20,29,30͔.
1 We are measuring in a low applied pressure regime ͑Ͻ20 MPa͒ and hence we expect little wear to occur. Using the SFA technique, the contact area can be measured and wear can be visualized when it occurs. We chose to measure the friction force in dry and humid air because these conditions are important in many industrial applications. We observed that the friction force decreases with increasing humidity. This decrease in the friction force cannot be explained by a decrease in adhesion, indicating that water acts as a lubricant between the surfaces. Results are also presented of the sliding of one carbon-coated surface against an uncoated mica surface where immediate damage of the mica surface occurred.
Experimental Procedure
I Surface Preparation. Muscovite mica was cleaved to a few micrometer thickness and cut into sheets 1 cm 2 . Approximately 50 nm silver was evaporated onto the back of the mica sheet. The mica surface was then glued, silver side down, onto a silica disk using a hot melt epoxy. The thin amorphous carbon films were deposited directly onto the molecularly smooth mica surfaces by magnetron sputtering with a graphite target according to the procedure described by Lu and Komvopoulos ͓4͔. The mica surfaces and etch target were precleaned at 3mTorr pressure and 250 Watts of RF power for 1 minute and 5 minutes, respectively. The films were deposited at 100 W deposition power at an Argon flow rate of 300 mm 3 /s, corresponding to a pressure of 0.4 Pa. At this condition, the film growth rate is expected to be 0.4 nm/ minϮ0.1 nm/min. The deposition time was 15 minutes, giving an expected carbon film of thickness 6 nmϮ1.5 nm. Mechanical measurement of thick films deposited under similar conditions resulted in a hardness value of 24 GPa ͓4͔. The thin carbon surfaces had a measured advancing contact angle of 46 degϮ2 deg against water and 43 degϮ2 deg with methylene iodide. The surface energy can be calculated from the geometric mean approach based on the theory of fractional polarity to give a value of 59 mJ/m 2 Ϯ3 mJ/m 2 ͓32͔. Prior to use, the films were rinsed in heptane and placed in a UV plasma cleaner for 10 minutes to remove adsorbed organic contaminants.
II Surface Forces Measurements.
A SFA with a lateral sliding attachment was used to measure the shear forces ͓29,30͔. The SFA is a powerful tool for measuring shear forces since parameters such as area of contact and surface separation can be measured simultaneously via observation of the optical interferometric fringes ͓30͔. The lateral sliding attachment slides two surfaces past each other while the SFA controls and/or measures the surface separation D, sliding speed v, normal load L, contact area A, and lateral shear force F. Typical values of v, L, A, and F in this study were 1 m/s, 0 mN to 100 mN, 0 cm 2 to 10 Ϫ3 cm 2 , and 0 mN to 200 mN, respectively. The velocity and applied load have an estimated relative standard uncertainty of Ϯ5 percent of the measured values, whereas the friction force and contact area have an estimated relative standard uncertainty of less than Ϯ10 percent of the measured values.
The humidity was controlled by first purging the system with dry nitrogen. For the dry atmosphere condition, a small container filled with P 2 O 5 was placed in the chamber of the SFA to extract residual moisture from the atmosphere. To achieve 33 percent humidity and 100 percent humidity, the P 2 O 5 was removed and the container was filled with a saturated solution of MgCl 2 and water, respectively.
Three repeat measurements were run using two different samples. The surfaces were deposited with carbon at the same time and hence the deposition conditions were identical. Uncertainties of the calculated shear stress represent averages of the standard deviation of the data.
Results
Theories of the friction between surfaces were developed by many scientists including Amontons', da Vinci, and Colomb ͓17,32,33͔. Bowden and Tabor modified Amontons' Laws of friction to include adhesion between the surfaces ͓17͔. Generally, the friction force F can be described by a dependence on the true area of contact A real and a yield stress s according to
and
where ␣ represents the pressure dependence of the yield stress. The above equations can be combined to give
where Lϭload and ϭfriction coefficient. If the two surfaces are adhesive, as is the case in this experiment, then the friction is expected to depend more on the area of contact than on the load, at least for low loads. Note also that the friction coefficient is not a constant, but decreases with increasing pressure. Contributions to the friction due to plowing can also occur to give another term to Eq. ͑1͒. The plowing term is assumed to be small for this system. The carbon surfaces used in these experiments were not perfectly smooth but had a measured degree of surface roughness. Atomic Force Microscopy ͑AFM͒ measurements of the surface topography of the carbon films gave an RMS roughness of 1 nmϮ0.2 nm for an area scan of 15 m. Asperities as small as 2 nm in height have been shown to reduce the adhesion between dry surfaces to almost zero ͓34͔.
If the contact is elastic, it is expected to exhibit Hertzian behavior with the area of contact increasing as L 2/3 .͓35͔ The measured microscopic area of contact at 0 percent, 33 percent, and 100 percent relative humidity as a function of L 2/3 is shown in Fig.  1 . The data points represent an average of two values taken at the same load while the surfaces were sliding. The solid line is a linear regression fit to the data. The error bars estimate standard uncertainties in the data for one contact position. Clearly, the area varies as L 2/3 as expected for Hertzian behavior. The contact diameter varied from 30 mm to 100 mm whereas the thicknesses of the mica and carbon overcoat were 3 mmϮ0.5 mm and 6 nmϮ1.5 nm, respectively. Because the epoxy attaching the carbon coated mica sheets to the glass substrate is relatively soft, its modulus (EϷ2 GPa) is likely to dominate the measured load dependence ͓36͔. Hence, much of the stress will be taken up by the elastic epoxy layer. This relatively soft underlayer also allows the two interacting carbon surfaces to conform, giving a larger fraction of real area of contact to measured area of contact than observed in less compliant systems. Within experimental error, no difference was observed between the measured contact area as a function of load measured in dry and humid air. The non-zero value of the contact area at no applied load demonstrates that the surfaces were adhesive. A more accurate description of the areaload dependence for the adhesive, elastic case is given by the JKR equation ͓35͔.
At 0 percent relative humidity, the surfaces initially jumped into contact under zero load giving a flattened contact area. This jump to contact shows that the surface interaction was adhesive. No attempts were made to measure the adhesion force from the jump distance by separating the surfaces since the optical interference fringes were quite faint due to the carbon coating. The surfaces initially remained pinned as a shear force was applied. Suddenly, the surfaces slipped ͑a few contact diameters͒ and again the surfaces pinned at a smaller contact diameter. The ͑static͒ shear stress at the slip corresponded to 85 MPaϮ10 MPa. On reversal, a much smaller slip-stick motion was observed, with the corresponding shear stress decreasing to 50 MPaϮ15 MPa. After traversing the contact four times, the friction force was steady ͑i.e., no stick-slip motion͒. The static friction was now only about 5 percent higher than the kinetic friction. No wear was observed during sliding.
After the surfaces had been slid over the same contact area four times at zero load, the lateral force and contact area were measured. The sliding direction was reversed and the contact area and lateral force was again measured. The load was increased and the measurements were continued. Note that because we are reversing directions, we are measuring both the force required to initiate sliding, the static friction, and the force required to maintain sliding at the sliding speed of 1 m/s, the kinetic friction. Once the sliding was initiated, smooth sliding was observed. Figure 2 shows the results of the measured lateral kinetic friction force versus contact area after the surfaces had been slid over a given contact position four times. The results are shown for 0 percent, 33 percent, and 100 percent relative humidity at one contact position. The filled and unfilled symbols represent measurements in the forward and reverse directions, respectively. The solid lines are least squares fits to the data. Clearly, the lateral force is proportional to the microscopic contact area and decreases with increasing humidity. No wear was observed during sliding, although there appeared to be an initial wearing in of the contact as measured by the initial static friction forces. No hysteresis in contact area was observed on subsequent measurements, demonstrating that the contact appeared to be elastic at the experimental pressures ͑р 20 MPa͒ attained in this experiment.
The corresponding shear stress values ͑given by the slope of the data in Fig. 2͒ for 0 percent, 33 percent, and 100 percent relative humidity are 21 MPaϮ2 MPa, 12 MPaϮ2 MPa, and 5 MPaϮ0.5 MPa, respectively. The shear stress versus pressure for the carbon-carbon surfaces is shown in Fig. 3 for each humidity level. The shear stress is independent of pressure, at least for pressures less than 20 MPa. A slightly higher shear stress was measured for carbon surfaces not previously treated by a UV cleaner. In those measurements, the shear stress was measured to be 29 MPaϮ2 MPa under dry conditions. Averaging the data for UV cleaned surfaces and non UV cleaned surfaces gives a shear stress of 26 MPaϮ5 MPa for carbon surfaces sliding in dry air.
As the humidity increases, a water film adsorbs on the surfaces. Generally, the optical interference fringes allow measurement of the intervening film thickness between the surfaces to Ϯ0.1 nm. However, the carbon coating significantly reduced the optical signal and thus the water film thickness could not be accurately measured. Ellipsometry has been used to measure the thickness of adsorbed water films, and has shown that the thickness depends strongly on the chemistry and surface energy of the solid surface ͓31,37,38͔. For sputtered carbon films on commercially available magnetic hard disks, the thickness of the adsorbed water film was measured to be less than 0.5 nm at relative humidities less than 85 percent ͓21͔. The film thickness increases nonlinearly above 85 percent relative humidity to a value near 4 nm at 100 percent humidity. For pyrolytic carbon, water film thicknesses at 100 percent relative humidity have been measured to be 8 nm ͓37͔. The thickness of the water film between two carbon surfaces may be double that for one surface, but the water could diffuse from the contact zone under an applied load. Lateral forces were also measured between dissimilar surfaces: one uncoated mica surface and one carbon coated mica surface. The measured lateral force versus load is shown in Fig. 4 . At low loads ͑Ͻ20 mN͒ the friction coefficient (ϭ␦F/␦L) was measured to be ϭ1.03Ϯ0.15. As the load was increased, damage of the surface was observed and the friction coefficient simultaneously dropped to ϭ0.39Ϯ0.03. No contact areas were measured because of the difficulty in measuring the contact area in the presence of wear particles. The friction coefficient at 33 percent and 75 percent relative humidities in the presence of surface damage was measured to be ϭ0.29Ϯ0.02. The corresponding measurement of the coefficient of friction for damaged uncoated mica surfaces in dry air was ϭ0.35Ϯ0.02 ͓19͔.
Discussion
The friction between carbon coated surfaces in dry air can be compared to the friction previously measured between mica surfaces in dry air ͓19͔. Mica surfaces are molecularly smooth thus eliminating any problems due to surface roughness. The shear stress o measured between mica surfaces in dry air was 26 MPaϮ3 MPa. The shear stress measured between carbon coated surfaces in dry air was also 26 MPaϮ5 MPa. The surface energies, ␥, of mica and carbon are quite different, ␥ϭ59 mJ/m 2 for carbon and ␥ϭ183 mJ/m 2 for mica ͓17͔. Hence, the reason that the measured shear stresses in dry air are so similar between the two solids is likely due to the presence of a thin film adsorbed from air. In fact, the shear stress of a solid paraffin film is 24 MPa, indicating that the shear stress of the solid carbon and mica surfaces in air is likely due to an organic surface film adsorbed from air ͓39-42͔. This conclusion is further supported by the measurements of the shear stress of zirconia and alumina coated mica surfaces ͓20͔. Once again, the value of the shear strength, o ϭ24 MPa, was the same for all surfaces irrespective of the slight differences in surface roughness and surface energy. It is also interesting that the friction measured by other techniques for sputtered MoS 2 films and DLC films measured in dry air gives a shear strength of 25 MPa ͓18͔.
The presence of oxide or organic films adsorbed from air onto solid surfaces is well documented ͓17,37-42͔. Even at the molecular level, adsorbed molecules may play an important role in the value of the measured friction ͓41͔. The only way to completely avoid the complication of surface adsorption is to work in vacuum. For many industrial problems, this solution is not feasible. We cleaned the surfaces with a heptane rinse and uv plasma treatment immediately before use to minimize contamination. This treatment resulted in a decrease in shear stress for the uv treated surfaces, indicating that the organic layer was minimized.
The average peak-to-valley roughness between the alumina, zirconia, and carbon coated surfaces previously mentioned were 0.5 nm, 0.7 nm and 1 nm, respectively ͓20͔. The fact that the shear stress between molecularly smooth mica surfaces is the same as that between the rougher surfaces also indicates that the microscopic surface area measured by the optical interference ͑FECO͒ fringes is quite close to the molecular contact area, presumably due to the ability of the surfaces to conform due to the soft epoxy attaching the thin mica coated sheets to the glass substrates.
A direct relationship is believed to exist between adhesion and friction ͓42,43͔. As the adhesion increases, friction increases. Therefore, we will briefly examine the forces involved in the adhesion between surfaces ͓44͔. For a more comprehensive investigation of the adhesive forces present between a carbon surface and a slider surface, see the work of Gui and Marchon ͓45͔.
The adhesive properties of the surfaces can be sensitive to the presence of moisture in the atmosphere. This dependence is mostly due to the capillary condensation of water around the points of contact which acts to increase the applied load between the surfaces ͓31,44,46͔. At equilibrium, the curvature of the capillary meniscus around one spherical contact point is related to the relative humidity p/p s by the Kelvin equation ͓31,44,46͔:
where r 1 and r 2 are the radii of curvature of the meniscus, r k is the Kelvin radius of the contact, V is the molar volume and ␥ is the surface tension of water. At 33 percent and 75 percent relative humidity, the Kelvin radius can be calculated from Eq. ͑5͒ to be Ϫ1 nm and Ϫ4 nm, respectively. The number is negative since the curvature is negative, giving a strong force pulling the surfaces together. Once r K exceeds the asperity size, the adhesion force F attains its full strength given by ͓43,44,46͔:
where R is the macroscopic radius of the surface, ␥ L is the surface tension of water, and ␥ SL is the solid-liquid surface energy. The first term represents the Laplace pressure contribution to the adhesion force whereas the second term represents the solid-solid interaction. The solid-solid force contribution is often negligible, due to weak or repulsive forces occurring between the surfaces in the presence of a water film. For ceramic materials, the asperities are generally angular, not spherical, and the interaction will be slightly modified ͓47͔. For the experiments reported here, R ϭ1.5 cm, and thus the adhesion force due to the Laplace pressure is approximately Fϭ13 mN. This force is a small fraction of the load applied to the system ͑р100 mN͒, and hence the decrease in the friction force with increasing humidities cannot be accounted for only by considering a decrease in the adhesive force.
The changes with humidity of the friction between carbon coated surfaces can be compared to the friction previously measured between mica surfaces ͓19,20͔. At 0 percent, 33 percent, 75 percent, and 100 percent relative humidities, the shear stress o measured between uncoated mica surfaces was 29 MPa, 17 MPa, 6 MPa, and 2 MPa, respectively. Note that the shear stress decreased by an order of magnitude as the relative humidity increased from 0 percent to 100 percent. A thin ͑0.3 nm to 0.6 nm͒ water film separated the mica surfaces in humid air. At relative humidities greater than 75 percent, trapped water lenses also could be seen between the surfaces. The water lenses were 2.8 nmϮ0.2 nm thick and decreased the effective area of solidsolid contact. This reduced contact area would cause a decrease in the measured friction forces, as was observed. Also, the water film separated the surfaces which decreased the friction. Hence, water acts as a good lubricant between the mica surfaces.
The carbon coated surfaces reported in this paper showed similar friction behavior to the uncoated mica surfaces. Between both mica and carbon coated surfaces, the friction and shear stress decrease with increasing vapor pressure. The shear stress at 0 percent, 33 percent, and 100 percent relative humidity was measured to be 26 MPaϮ5 MPa, 12 MPaϮ2 MPa, and 5 MPaϮ0.5 MPa. AT 0 percent relative humidity, similar shear stress was measured for both mica and carbon coated surfaces. At 100 percent relative humidity, the shear stress for carbon coated surfaces was about double that for mica surfaces, indicating a stronger influence of the water for the more hydrophilic mica surface than the more hydrophobic carbon surface.
Atomic Force Microscopy ͑AFM͒ measurements of silicon oxide and carbon surfaces have shown that the friction coefficient decreases with increasing humidity for silicon oxide but not for carbon ͓27͔. The difference in the results between the AFM and the SFA experiments is likely due to the small contact diameters used for the AFM experiments compared to the SFA experiments. The larger contact area of the SFA can trap more of the adsorbed water molecules between the surfaces. A decrease in adhesive forces was observed with increasing humidity for the AFM, as expected due to the increasing Kelvin radius.
In most experimental techniques, it is the friction coefficient and not the shear stress which is readily measured ͑since the microscopic area of contact is not measurable in most experiments͒. A comparison between different techniques is especially problem-atic because the presence of adsorbed materials on the carbon surface as well as the chemistry of the carbon dictates the frictional behavior. For the experiments reported here, a friction coefficient of 1.0Ϯ0.3 was measured for a carbon surface sliding against a carbon surface in dry air. This friction coefficient is high, but not unexpected, since the applied pressures were low ͑Ͻ20 MPa͒. Because the shear stress remained independent of pressure, the friction coefficient must decrease with increasing pressure, as is observed. Other experiments are typically run at higher loads ͑Ͼ100 MPa͒ and hence the friction coefficient that is measured is much lower ͑typical friction coefficients for DLC carbon are 0.02 to 0.2͒ ͓8,17,18͔. It is clear from previous experiments at higher pressures, and those at lower pressures presented in this study, that the friction coefficient depends on pressure. Hence, it is the shear stress, and not the friction coefficient that gives a more unambiguous representation of the friction behavior.
As mentioned in the introduction, a transfer film is often produced in solid-solid lubrication ͓18͔. The corresponding friction that is measured results from interfilm sliding between the transfer film, which can transfer to the countersurface, and the original carbon surface. Often, the transfer film is chemically distinct from the parent film. For the carbon-carbon experiments reported here, the pressures attained are relatively low ͑р20 MPa͒. Since repeat measurements were highly reproducible, the development of a chemically distinct transfer film is unlikely under these conditions. For the mica-carbon experiments, damage occurred almost immediately and behavior was governed by the formation of wear debris.
Conclusions
The friction between thin carbon films coated onto mica surfaces was found to depend on the area of contact. The shear stress decreased with increasing humidity and was independent of the pressure. The shear stress at 0 percent, 33 percent, and 100 percent relative humidity was measured to be 26 MPaϮ5 MPa, 12 MPaϮ2 MPa, and 5 MPaϮ0.5 MPa, respectively. Water acts as a lubricant, decreasing the friction between the carbon surfaces. The shear stress at 0 percent relative humidity corresponds to the shear stress of a solid paraffin film, and implies that the shear is dominated by a thin adsorbed contamination layer, at least for pressures less than 20 MPa and a velocity of 1m/s. At 100 percent relative humidity, the shear stress for carbon coated surfaces was about double that for mica surfaces, indicating a stronger influence of the water for the more hydrophilic mica surface than the more hydrophobic carbon surface. The friction between one mica and one carbon coated surfaces resulted in immediate damage and generation of wear debris.
